Abstract: The degradation of polypropylene (PP) and a propene-1-pentene copolymer (P2) have been monitored with regard to chemical composition, molar mass distribution and chemical composition distribution. The increase in the carbonyl index can be monitored by IR and a decrease in molar mass can be observed from size-exclusion chromatography (SEC). CRYSTAF shows that the chemical heterogeneity of the samples broadens with continuing degradation. SEC-FTIR reveals that the degraded species are mainly found in the low-molecular-weight end of the molar mass distribution. Spatial heterogeneity of the degradation process has been proven by the analysis of abrased layers. It was found that the P2 copolymer degrades at a higher rate compared to PP.
Introduction
Polyolefins are of enormous economic importance and the most important ones, polypropylene and polyethylene, by volume represent more than 50% of the total polymer market. Polyolefins are, however, very susceptible to degradation. Degradation of polyolefins takes place during processing, application and recycling. It influences the polymer properties thereby limiting the lifetime of the materials and leading to economic damage [1, 2] . In particular the increasing importance of polymer recycling is a strong motivation to search for new analytical methods to analyse the degradation of polyolefins [3] .
One can distinguish photo-oxidative and thermo-oxidative degradation. Beyond this, polyolefins can also be attacked by strong acids [4] . The generally accepted free radical oxidation model of polymers, developed by Bolland and Gee, consists of radical initiation, propagation and termination reactions [5, 6] . Following an initiation reaction, which usually results from the thermal or photo-initiated dissociation of chemical bonds, alkyl radicals react with molecular oxygen to form peroxy radicals (ROO · ) [7] . The propagation reactions result in the formation of oxygen-containing functionalities like ketones, alcohols, carboxylic acids, esters and γ-lactones ( Fig. 1 The level of degradation can be determined by physical test methods like thermal analysis (e.g., DMA, DSC), melt flow testing, size-exclusion chromatography (SEC), oxygen absorption and swelling capacity [14] . On a molecular level polymers are characterised by their chemical composition, molar mass distribution and chemical heterogeneity. During the degradation of polymers changes are observed in all three parameters. While the changes in molar mass distribution and chemical composition have been investigated, there is little information in the scientific literature about the influence of the chemical heterogeneity on polyolefin degradation and the changes in chemical heterogeneity that occur during degradation [15] . This information can be obtained either by molar mass independent fractionation according to chemical composition or separation by hydrodynamic volume and subsequent chemoselective detection. SEC in combination with FTIR provides the possibility of determining the IR absorbance as a function of molar mass. The LC-transform approach is particularly useful as it eliminates the spectral absorptions of the solvent used [16, 17] .
Fractionation is another approach to obtain information about the distribution of degradation products. CRYSTAF (crystallisation analysis fractionation) has been developed in the early 90s and separates semicrystalline polymers on the basis of their crystallisability [18, 19] . We previously investigated the degradation of polypropylene using FTIR, SEC, CRYSTAF and coupled SEC-FTIR [15] . In this study we compare the degradation behaviour of polypropylene and a propene-1-pentene copolymer using these techniques with regard to differences in their kinetics and spatial heterogeneity.
Experimental part

Sample preparation
Samples of unstabilised polypropylene (0,914 g/cm 3 ) and propene-1-pentene copolymer containing 3% 1-pentene (0,905 g/cm 3 ) were obtained from SASOL Polymers (Modderfontein). The weight-average molar mass, M w , was determined as 129 000 g/mol for the polypropylene and 272 000 g/mol for the copolymer. The materials were pressed into plaques of 500 µm thickness and then degraded at 70°C in a heat circulating temperature-controlled oven. Light was excluded from the experiment. Plaques were pre-cut into narrow strips before exposure. Plaques of 3 mm thickness were aged for 9 days at 90°C for depth profiling.
Analyses
The molar masses of the polymers were determined using a PL 220 chromatograph from Polymer Laboratories at 140°C with Waters Styragel columns (HT 2 -6). A refractive index detector has been used for the measurement. The solvent used was 1,2,4-trichlorobenzene at a flow rate of 1 mL/min and a sample concentration of 2 mg/mL. The average molar masses were determined with reference to a polystyrene calibration curve. A CRYSTAF model 200 from Polymer Char S.A. (Valencia, Spain) was used for crystallisation fractionation. 20 mg of the sample were dissolved in 30 mL 1,2,4-trichlorobenzene. The cooling rate was 0.1 °C/min. A LC-Transform model 300 from Lab Connections coupled to a Waters 150C chromatograph with Waters Styragel columns (HT 2 -6) was used for the SEC-FTIR analysis at a flow rate of 1 mL/min and a sample concentration of 4 mg/mL. The stage temperature was 160°C, the temperature of the nozzle was 118°C and of the transfer line 150°C. The disc rotation speed was 10 °/min. FTIR spectroscopy of the deposited eluate was performed using a Nicolet Protegé 460 spectrometer. A Nicolet FTIR, model Nexus, was used for IR analysis of the samples. Bulk measurements have been performed in transmission mode. The carbonyl index has been calculated using the ratio of the areas under the peaks at 1600 -1800 cm -1 and at 905 cm -1 .
Results and discussion
In the current study, samples of unstabilised polypropylene (PP) and propene-1-pentene copolymer (P2, containing 3% It is evident from the spectra in Fig. 2a that there is an increase in the intensity of the carbonyl signal at 1716 cm -1 with prolonged degradation. This absorption band is associated with the development of a ketone following β-scission, the most common oxidation mechanism experienced by polypropylene (Fig. 1) . Further absorption bands can be observed with progressing degradation at ca. 1740 and 1780 cm -1 , corresponding to the carbonyl absorption bands of peracids and γ-lactones, respectively, which are secondary oxidation products [20, 21] .
From the development of the carbonyl index (Fig. 2b) it is evident that the copolymer of propene with 1-pentene degrades faster compared to the homopolymer. The change in molar mass with degradation is shown in Fig. 3 . Plotting the weight-average molar mass, M w , of the polymers against degradation time shows that the molar mass of the copolymer is decreasing exponentially while the homopolymer remains almost unchanged after 30 days. However, neither SEC nor FTIR takes in account the change in chemical heterogeneity (distribution of degraded products over the molar mass distribution). The SEC-FTIR analysis of two degraded samples is shown in Fig. 4 .
The Gram-Schmidt plot obtained from the SEC-FTIR experiment is a sum over all absorptions corresponding to the concentration of the sample in the eluate. The Gram-Schmidt plots in Fig. 4a and b show the decrease in elution volume with progressing degradation. This reflects the drop in the molar mass of the polypropylene sample after 70 days of degradation. From the spectroscopic data collection, chemigrams can be generated. A chemigram represents the intensity of a particular absorption along the elution volume axis. The chemigram based on the CH 2 -rocking vibration of the 1-pentene comonomer at 737 cm -1 ( Fig. 4c and d ) reveals a higher pentene content in the low-molecular-weight fractions, which is typical of ZieglerNatta based materials. In order to determine the carbonyl groups, chemigrams have been taken in the carbonyl region (1600 -1800 cm -1 ). For the lactones, which are secondary oxidation products of polypropylene, the chemigram between 1770 and 1790 cm -1 and for the overall CH-concentration the chemigram based on the vibration around 1167 cm -1 has been drawn. The ratio of these chemigrams (carbonyl or lactone/1167 cm -1 ) then reflects the relative concentration of degraded species. Overlaying the ratio of these chemigrams with the Gram-Schmidt plot shows that for both samples the degraded fraction is mainly found in the low-molecular-weight end while the high-molecular-weight part is virtually undegraded. Three trends are visible: the chemical composition distribution of the crystallisable fraction becomes broader, the peak crystallisation temperature drops and the amount of soluble fraction increases. These effects are much more pronounced for the propene-1-pentene copolymer, confirming the accelerated degradation of the copolymer as already found by FTIR and SEC analyses.
The oxidation of semi-crystalline polymers is not homogeneous, partly due to the heterogeneous nature of the solid polymer but also because oxidised regions of the sample are more susceptible to further oxidation. The heterogeneous nature of polymer oxidation has been studied spatially using, e.g., IR analysis of microtomed slices or infrared microscopy [22] [23] [24] . To analyse the gradient within the samples, plaques of 3 mm thickness have been degraded and abrased in 0,15 mm slices. The molecular characterisation data are shown in Tab. 2. Samples were heat-aged for 9 days and then subjected to depth profiling.
The data in Tab. 2 show that the degradation of both samples is a heterogeneous process and progresses from the surface to the core of the sample. While the oxidation is observable in the surface layer, changes of the molar mass are also found in the inner sections of the sample. For the copolymer sample the breakdown of the molar mass as a result of degradation can be observed by the increase of the M w values from the surface to the core of the sample. In case of the homopolymer a 6
comparison of the molar mass values for the inner layers with those of the original sample indicate crosslinking reactions. However, this did not cause problems with the solubility of the sample. It is very interesting to note how the degradation profile of polypropylene differs from that of the copolymer. Fig. 6 shows the CRYSTAF analysis of the slices at 0,15 mm and 1,5 mm. CRYSTAF impressively reveals the difference in the oxidation depth profile between the P2 and PP samples. The increase in soluble fraction for the P2 sample shows how the degradation progresses from the surface to the core. While the surface layer consists almost exclusively of non-crystallisable material the inner part of the sample is still highly crystalline. The CRYSTAF traces for the PP sample on the contrary show only minor indication of degradation. Even the surface layer consists almost exclusively of crystallisable material. These results show that CRYSTAF is suitable to 7 reveal differences in the spatial heterogeneity of the degradation of polypropylene and a propene-1-olefin copolymer. 
Conclusion
From the results it can be concluded that the propene-1-pentene copolymer degrades at a higher rate compared to polypropylene. Hyphenated SEC-FTIR is an efficient technique to monitor the distribution of degradation products along the molecular weight axis. The degradation products are mainly found in the lowmolecular-weight fraction of the molar mass distribution. CRYSTAF shows that the crystallisability of polypropylene and of propene-1-pentene copolymer decreases with prolonged degradation.
